Objective: Oncogenic hypophosphatemic osteomalacia (OOM) is a rare disease characterized by hypophosphatemia, inappropriately low levels of circulating 1,25-dihydroxyvitamin D 3 and osteomalacia. The disease is most commonly caused by benign mesenchymal tumors that produce, among several other factors, fibroblast growth factor-23 (FGF-23). Current evidence thus suggests that this protein has an important role in the regulation of phosphate homeostasis. By producing polyclonal antibodies against human FGF-23 protein we wanted to determine the localization of FGF-23 protein in OOM tumors that express FGF-23 mRNA. 
Introduction
Oncogenic hypophosphatemic osteomalacia (OOM) is a rare acquired disorder caused by benign mesenchymal tumors that can be found in a wide range of locations, although the lower extremities and the craniofacial regions appear to be more frequently affected (1) . The clinical and radiological findings in OOM include muscle pain and weakness, spontaneous fractures, and/or osteomalacia, while the biochemical characteristics include hypophosphatemia due to decreased renal reabsorption of phosphate, and inappropriately low levels of circulating 1,25-dihydroxyvitamin D3 (1, 2) . These laboratory findings and clinical symptoms are similar to those observed in patients affected by X-linked hypophosphatemic rickets (XLH), a genetic disorder caused by inactivating mutations in PHEX (for phosphate-regulating gene with homology to endopeptidases located on the X-chromosome (3)), and autosomal dominant hypophosphatemic rickets (ADHR) (4) .
Efforts to identify the genetic cause of ADHR through positional cloning recently led to the discovery of fibroblast growth factor-23 (FGF-23) (4), a 251 amino acid protein with a hydrophobic leader sequence, which is therefore readily secreted when expressed in several different clonal cell lines (4, 5) . Independently, the cDNA encoding FGF-23 was also isolated through the analysis of a large number of cDNAs derived from OOM tumors (5) and through a homology-based search of genomic databases combined with amplification of cDNA by PCR using a mouse skin cDNA library (6) .
OOM tumors were recently shown to express abundant amounts of the mRNA encoding FGF-23 (4, 5, 7) , but the messages encoding several other proteins, including matrix extracellular protein and PHEX, were also readily detectable (8, 9) . When administered i.p. in mice, recombinant FGF-23 increased urinary phosphate excretion, which resulted in hypophosphatemia and the development of rickets (5) . Similar laboratory changes were observed in nude mice implanted s.c. with Chinese hamster ovary (CHO) cells that stably expressed FGF-23 (5) and in transgenic mice expressing FGF-23 under the control of the systemic CAG promoter (cytomegalovirus enhancer coupled to a chicken b-actin promoter) (10) . In these latter animals, expression of the type IIa sodium-dependent phosphate transport protein Na/P.IIa was dramatically reduced (10) . Since Npt-2 is thought to be responsible for the bulk of phosphate reabsorption in the proximal tubules, reduced expression of this transporter provided a plausible explanation for the observed biochemical and histological findings in these mice, and is thus consistent with the hypothesis that FGF-23 is involved in the regulation of renal phosphate handling.
It remains uncertain, however, whether FGF-23 acts directly at the proximal tubular cells or whether its effect is indirect. In fact, in vitro experiments to assess the effects of FGF-23 on proximal tubular opossum kidney cells have thus far provided inconsistent results, since an inhibitory effect of recombinant FGF-23 on phosphate transport was observed by some investigators, while others, using slightly different experimental conditions, failed to document an effect (5, 11) . Recently, FGF-23 was reported to, in combination with heparin, bind to FGF receptor 3, thereby initiating inhibition of renal phosphate reabsorption by the activation of a mitogen-activated protein kinase cascade, suggesting a direct renal effect (12) .
Since FGF-23 seems to play a key role in the pathogenesis of OOM, the detection of FGF-23 protein in biopsies or surgical specimens could provide a significant advantage in the management of individuals affected by this disease. For the present study, we therefore developed antibodies towards human FGF-23 (hFGF-23), which after affinity purification proved useful for the immunohistochemical detection of FGF-23 in OOM tumor cells. These findings were confirmed through in situ hybridizations that revealed abundant expression of FGF-23 mRNA in the tumor cells, but not in surrounding tissue. We furthermore showed that affinity-purified antibodies recognizing different epitopes of hFGF-23 readily detected the recombinant protein in conditioned medium from COS-7 cells transiently transfected with plasmid DNA encoding FGF-23.
Materials and methods

Tumor material
The five tumors used in this study were from different OOM patients who have been previously described (4) . Consistent with the diagnosis of OOM, all patients presented with clinical and biochemical findings of hypophosphatemia due to urinary phosphate wasting, which resolved upon surgical tumor resection. Tumor 1 was from the left thigh (hemangiopericytoma) of a 54-year-old Japanese male (13) . Tumor 2 was from the mandible (mixed connective tissue tumor) of a 31-year-old Korean female (14) . Tumor 3 was from the left thigh (angiodysplasia) of a 31-year-old Swedish male (15) . Tumor 4 was from the sole of the foot (hemangiopericytoma) of a German female (4). Tumor 5 was from the nose (hemangiopericytoma) of a 49-year-old Swedish female (4). All tumors had been frozen in liquid nitrogen and kept at 2 70 8C until analysis. Small pieces of the tumor were removed and embedded in paraffin before sectioning with a microtome for in situ hybridization and immunohistochemistry. amide, were purified to homogeneity by reversephase HPLC, and their sequences were confirmed by amino acid composition analysis, amino acid sequence analysis, and mass spectroscopy. A portion of each peptide was conjugated to keyhole limpet hemocyanin and emulsified in Freund's adjuvant before intracutaneous injection into rabbits at Cocalico Biologicals (Reamstown, PA, USA). Each rabbit received booster injections after 14, 21 and 49 days, and was bled every 2-4 weeks. For affinity purification, each of the three different FGF-23 synthetic peptides was covalently coupled to a gel support (3 mg/2 ml gel; 4% cross-linked agarose, AminoLink Kit; Pierce Chemical, Rockford, IL, USA). Anti-FGF-23 immunoglobulins were purified by passing approximately 30 ml (one bleed) of off-the-clot antiserum over the appropriate immobilized peptide column equilibrated with 0.01 mol/l PBS, pH 7.4. The column was rinsed with the same buffer to remove unbound material and then eluted with 0.2 mol/l glycine-HCl, pH 2.3. The recovered antibody was neutralized with 1 mol/l Tris and adjusted to a normal saline concentration. The affinity-purified antibodies were then diluted with 0.01 mol/l PBS to a protein concentration of 25 mg/ml and stored at 2 -8 8C.
Production of FGF-23-specific antibodies
Expression of recombinant FGF-23 protein
The cDNA encoding wild-type hFGF-23 was isolated by PCR from a cDNA library derived from tumor 1 (forward primer: TCA GAG CAG GGC ACG ATG TTG; reverse primer: GAT GAA CTT GGC GAA GGG GC). The PCR product was ligated into the vector pCDNA3.1-V5-His-TOPO (Invitrogen Corporation, Carlsbad, CA, USA) to yield full-length hFGF-23 tagged with V5/His at the carboxyl-terminus, [V5-His]rhFGF-23(1 -251). The R176Q mutation (4) was introduced by the QuickChange site-directed mutagenesis procedure (Stratagene, La Jolla, CA, USA) as described in the supplier's manual to yield [V5-His;R176Q]rhFGF-23(1 -251). Anticipated nucleotide sequence and insert orientation were confirmed by nucleotide sequence analysis. Both plasmids were transfected into COS-7 cells using Effectene transfection reagent (Qiagen, Valencia, CA, USA). Conditioned medium from transfected cells was collected 24-72 h after transfection and stored at 220 8C until experiments were performed.
Western blot analysis
Conditioned medium from transfected COS-7 cells and protein standards with known molecular masses were electrophoresed through 12% SDS-PAGE minigels (Bio-Rad, Hercules, CA. USA) and electroblotted onto Immobilon-P membranes (Millipore, Bedford, MA, USA). Membranes were blocked with 5% dried milk in PBS, pH 7.4, containing 0.1% Tween before incubation with either crude anti-FGF-23 antisera (diluted 1:100 in 5% milk in PBS) or 1 mg/ml affinity-purified antihFGF-23 antibodies diluted in PBS with 5% dried milk and 0.1% Tween. After 12 h of incubation at 4 8C, the membrane was rinsed with PBS and incubated with an horseradish peroxidase (HRP)-coupled goat antirabbit antibody (Dako, Dakopatt AB, Ä lvsjö, Sweden) (diluted 1:1000 in 5% milk in PBS). After 2 h at room temperature, the membrane was rinsed three times with PBS before visualizing immunoreactive hFGF-23 by enhanced chemiluminescence (Amersham, Piscataway, NJ, USA). In some experiments, an HRPconjugated anti-V5 antibody (Invitrogen) was used at a dilution of 1:1000, to serve as a positive control for the detection of In situ hybridization 35 S-labeled sense and antisense cRNA probes for hFGF-23 were transcribed from a linearized plasmid encoding full-length hFGF-23 using either SP6 or T7 RNA polymerase. The probes were purified by gel filtration through a Micro Bio-Spin chromatography column (Bio-Rad). Hybridization of deparaffinized sections from tumors 1 to 5 was performed as previously described (16) . The slides were then covered with photographic emulsion and exposed for 7 days at 4 8C. Slides were developed and stained with hematoxylin/eosin (H&E).
Immunohistochemistry
After deparaffination tissue sections were blocked with 0.3% hydrogen peroxidase in methanol for 15 4; and lanes 5 and 6 respectively). All antibodies detected two bands of ,32 kDa and ,16 kDa in media conditioned by COS-7 cells expressing the wild-type (WT) plasmid. In media conditioned by cells expressing the plasmid containing the R176Q mutation only the 32 kDa band was detected.
Results
Characterization of polyclonal antibodies
antisera with sufficiently high affinity to allow detection by Western blot analysis of [V5-His]rhFGF-23(1 -251) in conditioned medium from transfected COS-7 cells. Thus, at a dilution of 1:100, both the latter antisera detected the same 32 and 16 kDa protein bands that were also observed when using the anti-V5 antibody (data not shown).
To improve sensitivity of these Western blots, antibodies against the FGF-23 fragments were affinity purified using the respective synthetic peptides coupled to Sepharose 4B. While conditioned medium from mocktransfected COS-7 cells revealed no immunoreactive protein with either of the three antibodies, immunoreactive material was detected in medium from COS-7 cells transfected with [V5-His]rhFGF-23(1-251) (Fig. 1) When COS-7 cells were transfected with the plasmid encoding FGF-23 carrying the R176Q mutation identified in patients with ADHR (4), both anti-FGF-23 antibodies detected only the full-length protein, which was www.eje.org also detected by the antibody against the V5 epitope (Fig. 1) . Taken together these data indicated that both antisera recognize the full-length protein as well as the carboxyl-terminal portion of the molecule. Furthermore, the anti-FGF-23 antibodies readily recognized a mutant FGF-23 containing one of the ADHR mutations (R176Q), and consistent with findings by others the introduction of this mutation prevented cleavage into an amino-and an carboxyl-terminal fragment (18) .
OOM tumors express FGF-23 mRNA and the encoded protein
To determine whether OOM tumors express the mRNA encoding FGF-23, in situ hybridizations were performed on sections of five different tumors using a radiolabeled FGF-23 cRNA antisense probe and, as negative control, a sense probe. In all five tumors, specific hybridization was observed, which was distributed in clusters that were localized within the tumor cell population (Fig. 2) . In greater magnification, hybridization was observed in and in the proximity of some, but not all, cells within this cell population. No labeling was found in any of the five tumors using the sense probe (Fig. 2) .
Paraffin sections from the same tumors that were used for in situ hybridizations were used to assess FGF-23 protein expression by immunohistochemistry. Using the affinity-purified anti-[Tyr-224]FGF-23(225-244)amide antibody, all five tumors showed a readily detectable signal with a distribution similar to that observed by in situ hybridizations using the FGF-23 antisense probe (Fig. 3) . Although our five tumors were given somewhat different pathological diagnoses, they all had a similar structure within the tumor cell areas. The tumors had been narrowly excised and it was not possible to see much of the supporting tissues, i.e. skin, bone or muscle. However, the samples contained some capsular connective tissue structures that enclosed clusters of small cells that did not seem to invade the surrounding connective tissue. The cells were embedded in a rich stroma; they exhibited some features typical of tumoral growth, such as difference in cellular size, nuclear atypia and a somewhat disorganized growth pattern. Some, but not all, of the tumor cells were strongly stained and FGF-23 showed mainly an intracellular localization even though some staining was seen also in direct proximity to the stained tumor cells (Fig. 3) . We conclude from this that it is the tumor cells that expressed both the FGF-23 mRNA and the protein, but that only a portion of the total number of tumor cells are responsible for this production.
Preincubation of the antibodies with excess amounts of peptide used for immunization completely blocked the signal, thus providing evidence for the specificity of the antibody (Fig. 3) . The affinity-purified antibodies against [Tyr-223]FGF-23(206 -222)amide failed to generate, under the described conditions, a specific signal (data not shown).
Discussion
In ADHR, mutations in FGF-23 lead to urinary loss of phosphate and consequently hypophosphatemia and osteomalacia (4) . ADHR shares significant clinical and laboratory similarities with OOM. Using the five OOM tumors used in this reports we previously demonstrated abundant expression of FGF-23 mRNA by Northern blot analysis (4) suggesting that FGF-23 is the phosphaturic factor responsible for the clinical findings in both groups of patients. This hypothesis is supported by in vivo findings in mice that received recombinant FGF-23 i.p. (5) and by findings in transgenic animals overexpressing FGF-23 under the control of the CAG promoter (10) . Hypophosphatemia due to renal phosphate wasting also occurs in patients with XLH, a disorder in which the membrane-bound endopeptidase PHEX is inactivated by one of numerous different mutations introduced into this X-chromosomal gene (19) . In vitro translated full-length PHEX was recently shown to cleave wild-type recombinant FGF-23, but not FGF-23 carrying one of the three known ADHR mutations (11) . Although these findings were not confirmed in another study using a full-length PHEX product encoded by a recombinant baculoviral vector (20) FGF-23 is likely to contribute, directly or indirectly, to renal phosphate handling.
In this report, we now describe the production and characterization of three different polyclonal antisera The observation that the three known mutations in FGF-23 that cause ADHR are located within a consensus site for cleavage by the subtilisin-like proprotein convertases (RXXR), suggested that the pathogenesis of ADHR could involve altered processing of the protein. Accordingly, it was recently reported that, when using a carboxyl-terminal antibody as the means of detection, hFGF-23 migrated as , 32 kDa and , 12 kDa species when produced in HEK cells. However, when the R176Q or R179W mutation was present only the full-length protein was detected (18 We showed that FGF-23 can be detected immunohistochemically using an affinity-purified antibody toward With this assay we detected increased circulating FGF-23 levels in patients with XLH and OOM (22) .
It has been reported earlier that FGF-23 mRNA transcripts are expressed at very low levels in a limited number of human and mouse tissues, and RT-PCR is typically required to detect the transcript in tissues such as heart, liver and thyroid gland (4) . Using the antibodies toward [Tyr-224]FGF-23(225 -244)amide, we examined a number of control tissues and did not detect a specific signal in parathyroid adenoma, liver or a gastrointestinal carcinoid tumor. The natural source of FGF-23 therefore remains uncertain.
In conclusion, using immunohistochemical analysis and in situ hybridizations, we have confirmed FGF-23 mRNA and protein expression in tumors giving rise to OOM. However, the described antisera may not only be useful for analysis of surgical specimens but have also proved useful in the development of an immunoassay for detection of FGF-23 in the circulation.
